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c; A zero-power c r i t i c a l  assembly was designed, constructed,  and c2erzted Lrlder two  previous NASA-fmded program for t h e  purpose of 
conducting a series of benchmark experiments deal ing with t h e  physics 
7 c h a r a c t e r i s t i c s  of a UN-fueled, L i  -cooled, Mo-reflected, drum-controlled 
compact fast r eac to r  f o r  use with a space-power conversion system (see  
NASA-CR-72820 and AT-72-33). 
simulate a fast spectrum advanced thermionics r eac to r  by (1) using Be0 
as a r e f l e c t o r  i n  place of some of t h e  e x i s t i n g  molybdenum, ( 2 )  sub- 
s t i t u t i n g  IVb-lZr tubing f o r  some of t h e  e x i s t i n g  T a  tubing,  and (3)  in-  
s e r t i n g  four fu l l - s ca l e  mockups of therrLoniz type f u e l  elements near 
t h e  core and Be0 ref1 e c t n y  h n 1 i n d . n ~ .  These mnck i ip  w e r e  s u r r o i i n d e d  
with a bu f fe r  zone having t h e  equivalent thermionic core composition. 
I n  addi t ion  t o  measuring t h e  c r i t i c a l  mass of t h i s  thermionic configura- 
t i o n ,  a de t a i l ed  power d i s t r ibu t ion  i n  one of  t h e  thermionic element 
s t ages  in t h e  mixed spectrum region was measured. A power peak t o  
average r a t i o  of two w a s  observed for t h i s  fue l  s t age  at t h e  midplane 
of the core and adjacent t o  the  r e f l e c t o r .  Also, t h e  power on t h e  
ou te r  sur face  adjacent  t o  t h e  Be0 was s l i g h t l y  more than  a f a c t o r  of 
two l a r g e r  than t h e  power on t h e  ins ide  surface of a 5.08 cm (2.0 i n . )  
high annular f u e l  segment with a 2.52 cm (0.993 i n . )  O.D. and a 1.86 
cm (0.731 i n . )  T . D .  
The c r i t i c a l  assembly w a s  modified t o  
i 
FOREWORD 
The exper fpenta l  and c r i t i c a l  assembly work descr ibed here in  vas 
performed by Atomics In t e rna t iona l ,  a Division of North American Rock- 
Nuclear Systems Division, NASA Lewis Research Center,  aa Project  
Manager, 
~6UiX' ion of &-program w%&X>e-$GtE& in'NASA-CRiV820 under 
Contract NAS3-12982 and of a program which w a s  reC-6FbB- fnf-2-33 
. wel l  Corporatfm,  under Contract NAS3-16816, with Mr. Paul  G. KlanB,  
The thermionic r eac to r  mockup design Bnd d a t a  evaluat ion vas. 
I' h e  by Saul_G,+ and W a r d  Lantz. This work-represents a-conC 
i i i i & F - c o f i s  fTA63-14h2L 
"he cont r ibu t ion  of W. H. Heneveld, T. H .  Springer ,  V. A. Swanson, ' 
and R. J, Tutt le  at; Atomics In t e rna t iona l  i n  performing t h e  c r i t i c a l  
experiments and reducing t h e  d a t a  is g r a t e f u l l y  acknowledged. 
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EXPERIMENTAL DETAILED POWER DISTRIBUTION I N  A FAST SPECTRUM 
THERMIONIC REACTOR FUEL ELEMENT AT THE CORE/BeO REFLECTOR 
INTERFACE REGION 
by Paul G. Klann and Edward Lantz 
SUMMARY 
A zero power c r i t i c a l  assembly w a s  designed and constructed i n  order 
7 t o  study the  r e a c t i v i t y  cha rac t e r i s t i c s  of a UN-fueled, L i  -cooled, Mo- 
r e f l e c t e d ,  drum-controlled compact f a s t  r e a c t o r  f o r  use with a space 
For the present  i n v e s t i g a t i o n ,  one-half of power conversion system. 
t h i s  c r i t i c a l  assembly was  reconfigured t o  simulate t h e  core-pressure 
vesse l - re f lec tor  i n t e r f a c e  of t h e  advanced 100 kwe General Atomic 
Nuclear E l e c t r i c  Propulsion thermionic r e a c t o r  concept i n  order t o  mea-  
and t h e  thermalizing Be0 r e f l e c t o r .  
1 2  
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The power d i s t r i b u t i o n  around and within an a x i a l l y  centered mock- 
up t e s t  thermionic f u e l  element stage at t h e  core-pressure vessel-  
r e f l e c t o r  i n t e r f ace  was measured by a c t i v a t i n g  and counting a t i g h t l y  
wound c o i l  of0 '0076 cm(0.003 i n . )  highly enriched U-235 f o i l .  
c o i l  w a s  a simulation of t h e  annular f u e l  s tage  of t h e  concept. 
This 
Backing t h e  mockup t e s t  element at t h e  core- re f lec tor  i n t e r f a c e  
were t h r e e  addi t iona l  mockup thermionic f u e l  elements c lus te red  on t h e  
t h e r d o n i c  l a t t i c e  spacing, and a buf fer  region extending t o  t h e  center  
of t h e  c r i t i c a l  assembly. This buf fer  region w a s  composed of o r a l l o y  
rods, tungsten and tantalum wires i n  Nb-1% Zr tubing combined s o  t h a t  
t h e  average volume f rac t ions  of the thermionic reac tor  concept were 
achieved. The rerndnder of the  c r i t i c a l  assembly w a s  used as a d r ive r  
region and was loaded t o  c r i t i c a l i t y  using ora l loy  i n  aluminum tube 
f u e l  elements. 
The power dls t r ibut . ion dat.a obtained f o r  a mockup thermionic f u e l  
s t age  loca ted  at t h e  midplane of the core and adJacent t o  t h e  Be0 re- 
f l e c t o r  ind ica ted  a power peak-to-average r a t i o  of two. The measure- 
ments i n d i c a t e  t h a t  a power peaking f a c t o r  of t h i s  l a rge  magnitude f o r  
t h e  f u e l  s tages  e x i s t  at, the core- re f lec tor  regions and i t s  e f f e c t s  
i m s t  be incorporated i n  the thermionic concept core design s tudies .  
I .  INTRODUCTION 
A. Background 
In  1969, t h e  National Aeronautics and Space Administration Lewis 
Research Center i n i t i a t e d  a s e r i e s  of c r i t i c a l  experiments i n  connection 
with t h e  desig:: sf 8 small, C C ) E ~ Z C ~ ,  f ~ s t  r e a c t o r  for space appl ica t ion .  
2 
b' 
A c r i t i c a l  assembly w a s  designed, b u i l t ,  and operated f o r  t h i s  purpose 
by Atomics I n t e r n a t i o n a l ,  and an extensive experimental  program was 
conducted ( see  r e f s .  1 and 2 ) .  
undertook a review of some of t h e  current  thermionics r e a c t o r  develop- 
ment problems and i d e n t t f i e d  t h e  need f o r  a s e r i e s  of experiments deal-  
i n g  with t h e  power peaking t h a t  occurs i n  f u e l  elements l oca t ed  at t h e  
core boundary of a f a s t  spectrum core, BeO-reflected, advanced the r -  
mionic r e a c t o r  concepts. The e x i s t i n g  c r i t i c a l  assembly w a s  t he re fo re  
modified i n  such a way t h a t  a port ion of  t h e  core s imulated t h e  com- 
p o s i t i o n ,  and, p a r t i a l l y ,  t h e  geometrical  layout  of a re ference  t h e r -  
mionic r eac to r .  A d e t a i l e d  experimental measurement of t h i s  power 
peaking i n  a thermionic f u e l  element was  subsequently c a r r i e d  out .  
Recently t h e  L e w i s  Research Center 
B. Scope of the  Present  Program 
I n  addi t ion  t o  modffying t h e  e x i s t i n g  c r i t i c a l  assemblv t o  provide 
a good- p,rt:d ~ i ~ l ~ ~ ) t i = ~  =f 3: z$;znccd thcrmiofiics ~ ~ ~ c J i ~ ~ ,  the scope 
of t h e  present  program cons is ted  of determining the c r i t i c a l  m a s s  ol 
t h e  modified core,  and of car ry ing  out  t h e  d e t a i l e d  power d i s t r i b u t i o n  
measurement at t h e  f a s t  core-Be0 r e f l e c t o r  i n t e r f a c e .  A u x i l i a r y  experi-  
ments were conducted t o  determine the  r e a c t i v i t y  worth of  a con t ro l  drum 
and t h e  r e a c t i v i t y  change of s u b s t i t u t i n g  t h e  previously used Ta-Li  7 N 
3 
f u e l  elements f o r  t h e  aluminum elements i n  t h e  d r i v e r  region of t h e  t h e r -  
mionics c r i t i c a l ,  
C. Purpose of t h e  Current Work 
The purpose of t h e  Thermionic Mockup C r i t i c a l  Experiment i s  t o  ob- 
t a i n  d a t a  concerning the  power d i s t r i b u t i o n  around and wi th in  a the r -  
mionic f u e l  element (TFE) l oca t ed  a t  t h e  edge of t h e  co re - r e f l ec to r  i n t e r -  
face of t h e  present  thermionic r eac to r  design. The lmportance of  t h e s e  
measurements i s  tha t  they  w i l l  y i e ld  information on t h e  power d i s t r i b u -  
t i o n  at t h e  mixed spectrum in t e r f ace  of a f a s t  spectrum core and a t h e r -  
mallzing SeO r e f l e c t o r  i n  a r e a l i s t i c  s imulat ion of t h e  TFE-reflector 
reg ion .  
11. DESCRIPTION OF THE THERMIONICS CRITICAL ASSEMBLY 
A. Basic C r i t i c a l  Assembly 
The c r i t i c a l  assembly t h a t  w a s  i n  u se ,  p r i o r  t o  t h e  i n i t i a t i o n  of 
t h i s  program i s  depicted i n  f igu re  1 and i s  descr ibed i n  d e t a i l  i n  
re ferences  1 and 2. The assembly w a s  composed of a close-packed star- 
shaped a r r ay  of 181 f u e l  elements surrounded r a d i a l l y  by s ix  massive 
Mo r e f l e c t o r s  ( see  Figure 2 ) .  Imbedded i n  t h e  r a d i a l  r e f l e c t o r  region 
and a l s o  p a r t l y  i n  t h e  core region (between t h e  po in t s  of t h e  s t a r )  
were s i x  symmetrically loca t ed  c y l i n d r i c a l  con t ro l  drums whose axes 
3 
were p a r a l l e l  t o  t h e  ax i s  of t h e  core. Each cont ro l  drum contained 11 - 
f u e l  elements and a molybdenum r e f l e c t o r ,  and w a s  backed by a massive 
T a  absorber segment. I n  order t o  provide a rapid-act ing s a f e t y  device 
mechanism f o r  t h e  r eac to r ,  four  of t h e  s t x  radial Mo r e f l e c t o r  pieces  
were capable of f a l l i n g  away from the core (scramming) and thereby pro- 
ducing a s u b s t a n t i a l  reductton i n  r e a c t i v i t y .  This scram system con- 
s i s t e d  of two independent and diametr ical ly  opposed s a f e t y  elements t o  
each of which were at tached two of t h e  Mo r e f l e c t o r s  i n  a ganged fashion 
In  t h e  shutdown condition, four r e f l e c t o r s  were loca t ed  away from 
t h e  core and a l l  s i x  cont ro l  drums are  r o t a t e d  such t h a t  t h e  T a  absorber 
segment i n  each drum w a s  i n  t h e  core region and t h e  drum f u e l  elements 
were fac ing  away from t h e  core.  
In  order t o  achieve c r i t i c a l i t y ,  t h e  four  r e f l e c t o r s  were r a i s e d  
i n t o  pos i t i on  (adjacent  t o  t h e  core)  by t h e  s a f e t y  element d r ive  motors 
and then t h e  con t ro l  drums were sequent ia l ly  ' 'driven in";  i . e . ,  r o t a t e d  
tc! hril lg ? G e l  ir l tc!  t h e  cere .  
Surrounding t h e  massive Mo r e f l e c t o r s  were four  T a  segments. One 
segment was loca ted  on each of t h e  two fall-away safety-element systems 
and one on t h e  outs ide of each of the  two s t a t iona ry  r e f l e c t o r s .  
segments had an outs ide rad ius  of  29.23 cm (11.51 h . ) ,  a thickness  of 
0.691 cm (0.272 i n . )  and a he ight  of 59.7 cm (23.5 i n . ) .  During r eac to r  
opera t ion ,  when t h e  r e f l e c t o r s  were i n  t h e  up-posit ion,  t h e  four  T a  seg- 
ments formed a c y l i n d r i c a l  s h e l l  completely enclosing t h e  r eac to r  on 
t h e  l a t e r a l  surface.  
The 
Dimensionally, t h e  c r i t i c a l  assembly w a s  56.845 cm (22.38 i n . )  
h igh ,  including upper and lower a x i a l  r e f l e c t o r s  , and 57.15 cm (22.5 i n .  ) 
i n  diameter,  including t h e  massive r a d i a l  r e f l e c t o r s .  The core proper 
w a s  37.508 cm (14.767 i n . )  high and had a "diameter" of 38.33 cm (15.09 i n . )  
as measured from t h e  center l ine  of one f u e l  element a t  a poin t  of t h e  
star t o  t h e  cen te r l ine  of a diagonally opposite f u e l  element at t h e  point  
of t h e  star. 
Ins ide  t h e  T a  pressure ves se l  mockup segments were t h e  massive Mo 
r e f l e c t o r s ,  
high and had an outs ide radius  of 28.60 cm (11.26 i n .  ) .  The thickness  
from t h e  outer  radius t o  t h e  nearest  f u e l  element w a s  8.20 cm (3.23 i n . ) .  
The r e f l e c t o r s  had c i r c u l a r  cutouts f o r  accommodating t h e  r o t a t a b l e  con- 
t r o l  drums and the re fo re  wrapped around t h e  drums t o  some ex ten t .  How- 
ever ,  i n  order  t o  allow four of the r e f l e c t o r s  t o  f a l l  away f r o m t h e  
core ,  a por t ion  of t hese  four  r e f l e c t o r s  w a s  cut away so  t h a t  they  
"cleared" t h e  drums. Four small t r i a n g u l a r  Mo f i l l e r  pieces  were there-  
fore  i n s t a l l e d  i n  t h e  s t a t iona ry  core i n  such a way t h a t ,  when a l l  re-  
f l e c t o r s  were i n  t h e  up-posit ion,  they w e r e ,  f o r  a l l  p r a c t i c a l  purposes,  
i dent i c a l  . 
Each of t h e  s ix  r e f l e c t o r s  w a s  about 60.2 cm (23.7 i n . )  
Located within t h e  region occupied by these  massive Mo r e f l e c t o r s  
and t h e  s i x  con t ro l  drums w a s  t h e  star-shaped s t a t i o n a r y  core.  The 
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small c i r c l e s  shown i n  f igu re  2 represent  some of t h e  181 f u e l  elements 
t h a t  made up t h e  core proper.  The loca t ions  of t h e  center  l i n e  of t h e  
remainder of t h e  core elements a r e  shown by an "X" i n  t h e  f igu re .  The 
f u e l  elements were 59.941 cm (23.599 i n . )  h igh ,  were 2.159 cm (0.850 i n . )  
i n  outs ide  diameter, and loca ted  on a 2.215-cm (0.872-in.) l a t t i c e  p i t c h .  
Six add i t iona l  tr iangular-shaped Mo p ieces ,  apar t  from t h e  fou r  
noted above, were placed i n  t h e  core t o  f i l l  up t h e  void space t h a t  
ex i s t ed  between t h e  hexagonal array of honeycomb tubes and t h e  con t ro l  
drums. A cross sec t iona l  view of the  core as produced by a v e r t i c a l  
s ec t ion  formed by passing a plane through t h e  axis of t h e  core and t h e  
ax is  of a cont ro l  d rum i s  drawn i n  t h e  right-hand ha l f  of t h e  center-  
l i n e  of t h e  drawing of Figure 3. The l e f t  h a l f  of t h e  f igu re  i s  t h e  
view t h a t  would be seen along a sec t ion  formed by passing a plane through 
t h e  axis of a f u e l  element at t h e  point  of t h e  star.  
d ica t ion  of t h e  r e l a t i v e  pos i t ions  of t h e  f u e l  element components t o  
t h e  o the r  core components, an out l ine  of one f u e l  element i s  depicted 
i n  t h e  f igu re .  
To provide an in-  
The axis of each of t h e  s i x  cont ro l  drums w a s  p a r a l l e l  t o  t h e  axis 
of t h e  core and loca ted  on a 20.917-cm (8.235-in.) radius. 
r o t a t i o n ,  both f o r  t h e  case i n  which f u e l  i s  going i n t o  t h e  core and 
t h e  case i n  which f u e l  i s  going out,  was low (about 0.12 rpm) . 
d e t a i l e d  layout of t h e  con t ro l  drum i s  shown i n  cross s e c t i o n a l  view 
a t  t h e  drum midplane i n  F igure  4. The main s t r u c t u r a l  member of t h e  
drum was t h e  massive Mo r e f l e c t o r  piece t o  which an upper and lower drum 
g r i d  p l a t e  w a s  a t tached.  This Mo piece was 60.2 cm (23.7 i n . )  high ( t h e  
e f f e c t i v e  height  of t h e  cont ro l  drum). 
so rbe r  segment which was  a l s o  60.2 cm (23.7 i n . )  high. 
The speed of 
The 
Each drum normally had a T a  ab- 
On one s i d e  of t h e  drum was a region which contained a group of 
f u e l  elements i d e n t i c a l  t o  those i n  t h e  s t a t i o n a r y  por t ion  of t h e  core. 
Since t h e  void f r a c t i o n  i n  t h i s  region w a s  r a t h e r  high with f u e l  elements 
a lone,  s eve ra l  round Mo f i l l e r  rods were i n s e r t e d .  A l l  of t hese  rods 
were 60.2 cm (23.7 i n . )  high,  but var ied i n  dlameter, as ind ica t ed  i n  
t h e  f igu re .  
f i l l e r  piece 60.2 cm (23.7 i n . )  high, was a l s o  u t i l i z e d  t o  f i l l  t h e  gap 
between t h e  Mo r e f l e c t o r  segment and t h e  inne r  r i n g  of t h e  honeycomb 
tubes .  
In  addi t ion t o  the  round rods ,  a l a r g e  trapezoidal-shaped 
B. Modified C r i t i c a l  Assembly 
(1) Alterat ions t o  Reactor 
The r eac to r ,  as described above, w a s  modified f o r  t h e  current  pro- 
gram i n  t h e  manner depicted on Figure 5.  
shows , i n  s o l i d  l i n e s ,  t h e  modified assembly and a l s o  ind ica tes  , i n  
dashed l i n e s ,  t h e  former loca t ions  of some of t h e  previously e x i s t i n g  
components, In addi t ion t o  a l t e r a t ions  i n  t h e  o v e r a l l  r eac to r  configura- 
t i o n ,  t h e  ac t ive  core w a s  divided i n t o  t h r e e  regions : a d r i v e r  region 
This por t ion  of t h e  f i g u r e  
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t h a t  cons i s t s  of f'uel elements made up of aluminum tub ing ,  a b u f f e r  region 
t h a t  cons i s t s  of f ive  d i f f e r e n t  s izes  of fue l  elements ( fou r  using N b - 1 Z r  
as a s t r u c t u r a l  material and one using aluminum), and a thermionic fue l  
element (TFE) region t h a t  cons i s t s  o f  fou r  l a r g e  diameter Nb-1Zr tubes  
containing f u e l  and a s imulatcr  of t h e  tungsten emi t t e r  i n  an a c t u a l  WE. 
With regard t o  t h e  o v e r a l l  r eac to r  configurat ion,  t h e  following 
modifications were made : 
(1) D r u m s  1, 2 ,  and 3 were eQmpletely removed, (See Figure 2 f o r  
drum loca t ions  ) . 
( 2 )  Fuel elements i n  Posi t ions 6-4 through 6-13, 7-3 through 7-10, 
8-3 through 8-8, 9-2 through 9-5 , and 10-2 and 10-3, i nc lus ive ,  were 
withdrawn. (See Figure 6 for f u e l  element l oca t ions  ) 
( 3 )  The two massive molybdenum r e f l e c t o r s  and t h e  tantalum p r e s m r e  
vessel mockup, a l l  of which were previously mounted on t h e  scram mechan- 
i s m  adjacent t o  Drums 1, 2,  and 3, were removed, 
( 4 )  Each of t h e  two tantalum pressure vessel mockups loca ted  out- 
s i d e  of t h e  s t a t i o n a r y  r a d i a l  Mo r e f l e c t o r s  w a s  ex t r ac t ed .  
( 5 )  Two aluminum c a n i s t e r s ,  each containing 240 half-hexagons of 
Be0 [each nominally 2,063 cm (0.8125 i n ,  ) across  t h e  p a r a l l e l  sides and 
14.288 cm (5.625 i n . )  long]  and 396 cyl inders  cf Be0 each 1.05 cm (0.415 
i n . )  i n  diameter by 2.5b cm (1.0 i n . )  long, w e r e  mounted on t h e  scram 
mechanism as shorn i n  Figure T 3  Also, within each c a n i s t e r  were placed 
two Nb-1Zr  shee t s  so  c r i e n t e d  t h a t  they formed a slab 0.241 cm (0.095 i n . )  
t h i c k  by 57.15 cm (22.50 I n , )  high by 16.88 cm (6.567 i n . )  wide, 
Figure 7 . )  
r e f l e c t o r ,  as viewed i n  t h e  core midplane, was a t rapezoid  10.31 cm 
(4.06 i n . )  t h i c k  by 16.68 cm (6.567 in.) wid2 on t h e  f ace  adjacent t o  
t h e  cope, The he igh t  of t h e  Be0 r e f l e c t o r  w a s  57.15 cm (22.50 i n .  ) , as 
c o n s t i t u t e d  by s tacking four  half-hexagcns end-to-end. Axially t h e  Be0 
r e f l e c t o r  was  centered about t he  core midplane. Since t h e  c y l i n d r i c a l  
columns of Be0 w e r e  s h o r t e r  than  t h e  columns of half-hexagons, an alumi- 
num spacer  w a s  l oca t ed  m d e r  t h e  cylindrical n c l m s  i n  m d e r  t o  p o s i t i c n  
them symmetrically about the  care  midplane e 
(See 
The e f f e c t i v e  cross s e c t i o n a l  shape of each Be0 scrammable 
( 6 )  One s t a t i o n a r y  side-Be0 r e f l e c t c r ,  having a cross s e c t i o n a l  
shape of a paral le lcgram i n  t h e  core midplane, w a s  l oca t ed  ad,jacent t o  
each of t h e  two s t s t i c n u y  Mo ref1ectc;rs - mi s Re9 r e f l e c t o r  vas formed 
uy ~ L U Z  inu, i ,  a c;3ta1 CI eigns Bel) 
half-hexagons w a s  required t o  form a 57.15 cm (22.50 i n , )  high zone f o r  
each s i d e  r e f l e c t o r .  A 55.9 em (22.0 i n . )  high column o f  Be0 c i r c u l a r  
cyl inders  i d e n t i c a l  t o  those used i n  t h e  scramabbe r e f l e c t o r  system 
w i l l  a l s o  b e  added t o  each s i d e  r e f l e c t o r  system as ind ica t ed  i n  Figure 7. 
Figure 5 i n d i c a t e s  t h e  mounting technique f o r  t h e s e  s i d e  r e f l e c t o r s  
(Sect ion B-B). 
core midplane. 
- -  - L-7 i.lac;ng +- -  
"Y .ww liuii-iiraagoris biur 
These r e f l e c t o r s  were alsc; centered a x i a l l y  z b x t  t h e  
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(7 )  I n  order  t o  accommodate a Be0 r e f l e c t o r  i n  t h e  c e n t r a l  pos i t i on  
adjacent t o  TFE No. 4, fou r  Be0 half-hexagons were machined t o  reduce 
t h e i r  widths across  t h e  base and top.  The dPstance across  t h e  f l a t s  of 
each Be0 half-hexagon remained t h e  same; i .e .  , 2.063 cm (0,8125 i n .  ) , 
nominally. The widths of t h e  base and t o p  of t h e  modified half-hexagons 
of Be0 were 4.161 em (1.638 i n e )  and 1.778 cm (0.700 i n , ) ,  r e spec t ive ly .  
A 55.9 cm (22,O i n .  ) high column of Be0 c i r c u l a r  cy l inders  , i d e n t i c a l  
t o  those used i z  t h e  s.armmzble r e f l e z t c r  sjrsteiR4, w a s  alsc added to t h e  
c e n t r a l  r e f l e c t o r  c a n i s t e r ,  and a l l  Be0 w a s  centered about t h e  core mid- 
plane.  
B. Modified C r i t i c a l  Assembly 
( 2 )  Accuracy of Geometrical Simulation of t h e  Themionic  Core 
Figure 8 shows a plan view of  t h e  General Atomic 100 kwe Nuclear 
E iecc r l c  Propulslon re ference  reac tor  design. 
r e f l e c t o r  i n t e r f a c e  of t h i s  reference design was  simulated i n  t h e  c r i t i c a l  
assembly. The s imulat ion i s  shown i n  Figure 9 drawn t o  s c a l e .  It i s  
seen t h a t  t h e  i n t e r f a c e  between t h e  core and t h e  Be0 r e f l e c t o r  i n  t h e  
re ference  design i s  e s s e n t i a l l y  t h e  chord of a c i r c l e ,  This w a s  simu- 
l a t e d  by a Be0 s l a b  made up of t r apezo ida l  Be0 p i eces ,  
Be0 rod wi th in  t h e  pressure  v e s s e l  t o  t h e  l e f t  of f u e l  element No. 1 w a s  
simulated by a Be0 t rapezoid  and a Be0 rod. 
represented  by a 0.241 cm (0.095 i n .  ) Nb-l$ Zr p l a t e  abu t t ing  t h e  Be0 
s l a b ,  such t h a t  t h e  pressure  v e s s e l  mockup i n  s imulat ion i s  i n  t h e  
co r rec t  proximate pos i t i on  r e l a t i v e  t o  t e s t  f u e l  element No, 
The core-pressure vessel-  
The semi-circular  
The pressure  v e s s e l  w a s  
1, Figure 8.  
An overlay of Figure 9 on Figure 8 i s  shown i n  Figure 10 .  A c lose  
geometr ical  s imulat ion of" t h e  reference core-pressure v e s s e l - r e f l e c t m  
i s  apparent and it i s  noted t h a t  the  s imulat ion i s  e s p e c i a l l y  accurate  
i n  t h e  v i c i n i t y  of t h e  t e s t  element. 
C . Simulated Thermionic Fuel  Elements 
(1) Description 
The core region was a l s o  modified t o  produce a s imulat ion of a 
thermionic  r eac to r .  
cur ren t  thermionic f u e l  element (WE) design were i n s e r t e d  i n t o  t h e  core 
is shown i n  Figure 11. 
3 0 3 1  cm (1.300 i n . )  O.D. by 0.203 em (0.080 i n . )  w a l l  by 59.27 em 
(23,336 i n . )  long Nlo-1Zr tube  with s p e c i a l  cups at each end which serve  
to l o c a t e  t h e  mockup i n  an upper and lower a u x i l i a r y  g r i d  p l a t e ,  These 
a u x i l i a r y  g r i d  p l a t e s ,  shown i n  ou t l ine  i n  Figure 7 ,  were requi red  
s i n c e  t h e  TFE mockups would not  f i t  i n t o  t h e  Yegulay g r i d  p a t t e r n  of 
t h e  previous core.  Vithin each of t h e  fou r  X b - i Z r  tubes  and a t  t h e  
COE FiGpiaie W ~ S  piaced a t u r i g s t e n  L U ~ ,  each noIdriai iy  2.73; CI~ 
In  p a r t i c u l a r ,  fou r  elements t h a t  s imulated t h e  
& +he pns$+3m-+q + ~ ~ - ~ ~ ~ ~ ~ ~  i r _  ~ ~ 0 1 1 ~ 1 ~ )  -o-- 7"  c - 2  d-.cLp- o - 3f t k z  TFE z2rk=;-c J?" 
The main s t r u c t u r a l  member of t h e  mockup i s  a 
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(1.075 i n . )  i n  outs ide  diameter and having a w a l l  th ickness  of 0,102 cm 
(0.040 i n . )  and a he ight  of 5.08 cm (2.00 i n . ) .  
tungsten cups w a s  placed a c o i l  of ful ly-enriched uranium f o i l  t h a t  w a s  
0.0076 cm (0.003 i n . )  t h i c k  and weighed 200 gms. The outs ide  diameter 
of t h e  c o i l  corresponded t o  t h e  ins ide  diameter of t h e  tungsten cup and 
the  he ight  of t h e  c o i l  w a s  4.92 cm (1.938 i n .  ) The i n s i d e  diameter of 
t h e  c o i l  w a s  approximately 1.86 cm (0.731 i n .  ) Within t h e  c o i l  of f u e l  
high and 1.78 cm (0.70 i n . )  i n  diameter. 
which, i n  conjunction with t h e  uranium f o i l ,  s imulated t h e  UC fuel i n  
t h e  re ference  TFE, 
Within each of t h e  
c was loca ted  8 c y l l n d r i c s l  rod o f  t e f l a n  ayproximateely L,92  cm (1.938 i n . )  
The t e f l o n  provided carbon atoms 
Above and below t h e  tungsten cup were placed 0.431 cm (0.170 i n . )  
diameter by 15.64 ern (6,oo in.) long ful ly-enriched uranium rods,  0.457 cm 
(0.180 i n . )  diameter by 15.64 an long W rods ,  0.279 cm (0.110 i n . )  diameter 
by 15.64 cm long T a  wire ,  and 0.152 cm (0.060 i n . )  diameter by 15.64 ern 
long ful ly-enriched uranium wires  i n  t h e  q u a n t i t i e s  depicted i n  Figure 11. 
lnese  mater ia i s  were confined to t h e  annular  space between t h e  iTb- iZr  
s t r u c t u r a l  tube  and a smaller and shor t e r  Nb-1Zr t ube ,  A t e f l o n  f i l l e r  
rod approximately 1.56 cm (0.625 i n . )  i n  diameter by 15.64 cm long (6.1575 
i n .  1 was i n s e r t e d  i n t o  t h e  inne r  Nb-1Zr  tube  at  each end. 
t h e s  upper and lower f u e l  region from t h e  tungsten cup and s imulat ing t h e  
s t r u c t u r a l  and e l e c t r i c a l  connections i n  t h e  re ference  TFE a r e  two Nb-1Zr 
d i sc s  a 
m.7 
Separat ing 
These a r e  dimensionally described i n  t h e  f i g u r e .  
One s tandard  molybdenum r e f l e c t o r  10.0 cm (3.94 i n . )  long by 1.49 ern 
(0.588 i n . )  i n  diameter was placed within t h e  s m a l l  N b - l Z r  tube a t  each 
end of t h e  element. I n  order  t o  keep t h e  f u e l  rods i n  p l ace ,  an aluminum 
tube with an ou t s ide  diameter o f  approximately 2.54 cm (1.0 i n . )  and an 
i n s i d e  diameter of approximately 1.78 cm (0.70 i n . )  w a s  a l s o  added at 
each end, 
The o v e r a l l  l ength  of  t h e  fueled region of t h e  TFE mockup inc luding  
t h e  two Nb-1Zr d i sc s  t h a t  a r e  above and below t h e  tungsten cup corresponds 
t o  t h a t  i n  t h e  r e s t  of t h e  core. The weight of a l l  of t h e  mater ia l s  a r e  
l i s t e d  i n  t a b l e  I. 
S 
C, Simulated Thermionic Fuel Elements 
( 2 )  Accuracy of t h e  Thermionic Fuel  Element Simulation 
Ffgure 12 cnm>aree a half s tage  of the mocB12p f l l d  element wfth FI 
h a l f  s t age  of t h e  100 kwe General Atomic Nuclear E l e c t r i c  Propulsion 
r e a c t o r  f u e l  element. I n  t h e  reference element s t a g e ,  t h e  f u e l  annulus 
2s composed of  a uranium-zirconium carbide composite containing 200 grams 
of U-235. T h i s  w a s  s imulated i n  the mockup by a 200 gram c o i l  of highly  
enriched U-235 f o i l ,  0.0076 cm th ick  (0.003 i n .  ), such t h a t  t h e  mockup 
annulus has t h e  same o p t i c a l  thickness  as t h e  re ference  f u e l  annulus. 
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The carbon content of t h e  reference composite w a s  incorporated by a 
t e f l o n  (C2F4) plug within t h e  U-235 c o i l .  The tungsten emitter w a s  
reproduced i n  t h e  mockup by a tungsten cup of t h e  same dimensions, while 
t h e  electrode region between t h e  f u e l  s tages  w a s  taken i n t o  account by 
a Nb-1% Z r  s l a b  t h a t  contained t h e  volume of JTb i n  t h e  i n t e r s t a g e  region 
of t h e  reference element. 
Table IT compares t h e  volume f r ac t jons  obtained i n  t h e  simulation 
t o  those of t h e  reference design i n  t h e  thermionic f u e l  element (TFE) 
region above t h e  t e s t  s tage .  
v 
The above comparisons show t h a t  t h e  TFE mockup i s  a c lose  simula- 
t i o n  t o  t h e  reference configuration i n  a l l  t h e  important material and 
geometrical  aspects  of t h e  design. 
D. Thermionic Mockup Buffer Region 
(1) Description 
Since only four  TFE mockups could be  made t o  f i t  conveniently i n  
t h e  e x i s t i n g  core space and s t i l l  achieve c r i t i c a l i t y ,  a b u f f e r  region 
t h a t  , although it did  not  provide geometrical  simulation of t h e  reference 
TFE core ,  but which contained the required material q u a n t i t i e s ,  w a s  
p l a c e d  aroimd the  TFE m c k x p .  The bx f fe r  region consis ted of a t o t a l  
of 51 fuel  elements, 39 of which were constructed of Nb-1Zr  tub ing  and 
12 of  aluminum tubing.  
The loading of t hese  elements i s  ind ica ted  i n  t a b l e  111. The f u e l  
height  was 31.51 em (14.767 i n .  ) , with approximately 10 em (3.94 i n  a ) 
r e f l e c t o r s  a t  each end. The designation of t h e  pos i t ions  of most of t hese  
elements followed t h e  same pa t t e rn  used i n  earlier cores s ince  they 
occupied pos i t ions  i n  t h e  regular  g r i d  pa t t e rn .  See Figure 7. Five 
b u f f e r  region elements were, however, l oca t ed  o f f  t h e  regular  g r i d  
p a t t e r n .  Their  pos i t ion  designation w a s  determined by t h e  nea res t  
r egu la r  l a t t i c e  loca t inn .  ~ h m ,  buffer  region elernezts (2-5 1, (3-4) , 
( h - 5 )  , (5-6) , &IC? (5-7) d id  not hzve normzl l a t t i c e  pos i t ions  8fid were 
h e l d  i n  p lace  by t h e  two auxiliary g r i d  p l a t e s  (one a t  t h e  t o p  of t h e  
core a d  one at t h e  bottom) which were 0.305 cm !0.120 in.! t h i c k  each. 
(The parentheses around the  f u e l  pos i t ion  designat ions w i l l  be used t o  
s i g n i f y  t h i s  asymmetry. ) Inc identa l ly ,  t h e  aux i l i a ry  g r i d  p l a t e s  a l s o  
Keyed t o  e x i s t i n g  upper and lower g r i d  p l a t e s  by using two regular  gl-id 
ho le s .  
m 
held t h e  ,:enter BeQ r e f l e c t  ;:- ~ e c r r n i v - , f  b."'~~ in place.  The two p l z t e s  weye 
L 
Teflor, s t r i p s  or shee ts  , 37.47 ern (14.75 ir,. ) high by zpproxfrnatePj 
0.152 cm (0.069 i n . )  t h i c k ,  were placed between t h e  f u e l  elements i n  t h e  
bu f fe r  region i n  order  t o  provide t h e  s imulat ion of t h e  carbon content 
in t h e  f u e l  of t h e  advanced thermionic reference r eac to r .  
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As can be seen i n  t a b l e  111, the  39 N b - 1 Z r  b u f f e r  elements cons is ted  
of four  ty-pes (designated A, AA, B and C )  t h a t  d i f f e r e d  from one another 
pr imar i ly  i n  t h e  s i z e  of t h e  tub ing  t h a t  w a s  ava i l ab le  t o  construct  them. 
However, i n  t h e  case of types  A and AA, t h e  only d i f f e rence  w a s  t h e  length  
of t h e  tub ing ,  t h e  type AA element being used i n  pos i t i ons  (2-5) ,  (3-41, 
( 4 - 5 ) ,  (5-6) and (5-7).  
elements a r e  given i n  Figure 13. I n  a l l  types ,  t h e  f u e l  c l u s t e r ,  which 
cons is ted  of t h e  designated number of rods and wi re s ,  were of t h e  same 
length .  On t h e  t o p  and bottom of the c l u s t e r s  were loca t ed  t h e  s tandard  
10.00 cm (3.94 i n . )  long by 1.49 cm (0.588 i n . )  diameter molybdenum 
r e f l e c t o r  cy l inders .  A s  a r e s u l t  of t h e  l i m i t e d  amount of  Nb-1Zr tub ing  
ava i l ab le ,  12 elements i n  t h e  buf fer  region were constructed of aluminum 
tubing i d e n t i c a l  t o  t h a t  used i n  the  d r i v e r  region t h a t  w i l l  be descr ibed 
below. These elements,  however, contained t h e  same f u e l  and ma te r i a l  
q u a n t i t i e s  and t h e  same r e f l e c t o r  configurat ion as d i d  t h e  Nb-1Zr  bu f fe r  
elements. Table I V  de l inea te s  t h e  masses of t h e  var ious ma te r i a l s  making 
up t h e  b u f f e r  r e g i m  a rd  summarizes, by ma te r i a l  t ype ,  t h e  masses of t h e  
ma te r i a l s  i n  t h e  TFE mockups that, w e r e  previously discussed.  
The de ta i l ed  descr ip t ions  of t h e s e  four  types  of 
D. Thermionic Mockup Buffer Region 
(2) Accuracy of  t h e  Buffer Region Simulation 
The volume f r a c t i o n s  obtained i n  t h e  b u f f e r  region mockup, Figure 9 
a r e  cmpzred t o  t h e   rollm me f m c t i o m  spec i f i ed  f o r  t h e  re ference  design 
i n  t a b l e  I T .  It i s  noted t h a t  t h e  bu f fe r  zone i s  a c lose  homogeneous 
approximation t o  t h e  re ference  core f o r  a l l  t h e  important ma te r i a l s .  
E. Driver Region 
The remainder of t h e  thermionics core ( t h e  d r i v e r  reg ion)  contained 
pin-type elements i d e n t i c a l  i n  ove ra l l  s i z e  t o  t h e  f u e l  elements used i n  
previous cores  ( see  re ferences  1 and 2 )  except t h a t  aluminum w a s  used as 
t h e  s t r u c t u r a l  ma te r i a l  i n s t ead  of  tantalum. The d r i v e r  element w a s  com- 
p r l s e d  of an cuter ahminun tube 2.16 cm (0.850in.)  0.0.  by 2.11 cm (0.830 i n . )  
I . D .  by 59.94 cm (23.597 i n . )  long.  In s ide  t h i s  %;be w a s  placed a second, 
heavy-walled tube t h a t  w a s  2.03 cm (0.800 i n . )  0.D. by 1.57 cm (0.620 i n . )  
I . D .  by 58.08 cm (22.867 i n . )  long,  The heavy-walled, i nne r  tube was 
centered a x i a l l y  wi th in  t h e  ou te r  tube and t h e  excess length  of ou te r  
t ube  at each end w a s  used f o r  placement of t he  s tandard  aluminum end- 
f i t t i n g s  of t k e  type shewn f o r  Q p e s  A ,  B ,  axd Z elements i n  Figure 13. 
Hod and wire-type ful ly-enriched uranium rue1 w a s  placed wi th in  t h e  inner  
aluminum tube and w a s  r e s t r a i n e d  at each end by t h e  s tandard,  s o l i d ,  
molybdenum, r e f l e c t o r  segments each 10.00 cm (3.94 i n . )  long.  There were 
a t o t a l  of 120 d r i v e r  region elements, l1 of them loca ted  i n  each of t h ree  
c o n t r o l  drums. 
b u f f e r  and TFE regions i n  t h e  manner previously ou t l ined ,  a l l  f u e l  adjustments 
. 
(See Figure 5 ) .  Since t h e  mass of f u e l  was  f i xed  i n  t h e  
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necessary f o r  c r i t i c a l i t y  were car r ied  out i n  t h e  d r i v e r  region. N o  
materials , other  than t h e  fully-enriched uranium, were placed within 
t h e  d r ive r  region element. The t o t a l  masses of aluminum and molybdenum 
are  shown i n  separa te ly  i n  t a b l e  I V  f o r  t h e  d r i v e r  region. 
A summary of mater ia l  masses, except t h a t  p e r t a i n i n g  t o  t h e  uranium 
i n  t h e  d r ive r  region, i s  given i n  t a b l e  V f o r  t h e  core and i n  table V I  
f o r  t h e  various r e f l e c t o r  segments and a u x i l i a r y  g r i d  p l a t e s  described 
previ  ous i y  . 
I1 I .  EXPERIMENTAL METHODS 
A. Introduction 
The bas ic  methods f o r  measuring r e a c t i v i t y ,  c r i  i c a l  m a s s ,  and power 
(See references 
Since t h e  fundamental p r inc ip les  involved i n  t he  inverse kine- 
d i s t r i b u t i o n  a re  i d e n t i c a l  t o  those employed previously.  
1 and 2 ) .  
t i c s  technique a re  somewhat lengthy, they w i l l  not be repeated here." 
However, b r i e f  descr ip t ions  of t h e  methods used t o  obtain some of t h e  
other  parameters required on t h i s  program follow. 
B. Measurement o f  D r u m  Worth 
The inverse  k i n e t i c s  technique w a s  u t i l i z e d  i n  e s t a b l i s h i n g  t h e  
r e a c t i v i t y  worth of s i n g l e  cont ro l  drums by one or both of two methods. 
I n  t h e  continuous dr ive  method, the r e a c t o r  w a s  brought t o  c r i t i c a l ,  
allowed t o  s t a b i l i z e ,  and then t h e  drum w a s  dr iven from the  f u l l - i n  t o  
t h e  ful l -out  pos i t ion .  The ensuing power t r a c e  w a s  analyzed by t h e  in -  
verse  k i n e t i c s  technique i n  order t o  der ive t h e  worth of t h e  drum as a 
function of time. From t h e  known drive speed, t h e  worth w a s  then estab-  
l i s h e d  as a function of pos i t ion .  This continuous dr ive  method w a s  em- 
ployed t o  evaluate  t h e  worth of a s ingle  drum where d e t a i l e d  information 
on t h e  shape of t h e  worth curve at or near t h e  f u l l - i n  p o s i t i o n  was 
p a r t i c u l a r l y  import ant 
The stepwise method f o r  obtaining t h e  worth of s i n g l e  drums w a s  
u t i l i z e d  where g r e a t e r  precis ion i s  required at or near  t h e  fu l l -out  
pos i t i on .  The st.epwise method involves only s m a l l  r e a c t i v i t y  changes ; 
consequently, t h e  v a l i d i t y  of t he  r e s u l t s  i s  l e s s  subject  t o  e r r o r .  I n  
t h i s  technique, D r u m  No. 6 ,  f o r  example, i s  placed with f u e l  f u l l - i n  
m 6  %&her remotely l o a t e d  driml (No. 4 example) i s  banked cut  such t h a t ,  
w l c h  a i l  o tner  arums f u l l - i n ,  t n e  reac tor  i s  c r i t i c a l .  AfZer a per iod 
of t ime  i s  allowed at l e v e l  power, data c o l l e c t i o n  i s  i n i t i a t e d ,  D r u m  





f o r  about one minute. 
not only o f f s e t s  t h e  small negative r e a c t i v i t y  produced by D r u m  No. 6 ,  
bu t  a l s o  provides a small amount of excess .  Again, a l l  drums remain 
s t a t iona ry  f o r  about one minute, whereupon D m  No. 6 i s  turned out a 
few degrees more. 
i n  t h i s  stepwise fashion,  t h e  worth of Drum No. 6 being measured as it  
i s  stepped out and t h e  worth of Drum No. 4 as it i s  stepped i n .  
i n t e g r a l  worths a re  es tab l i shed  by a lgebra ica l ly  summing the  stepwise 
r e a c t i v i t y  values.  
a phenomenon t h a t  is  l e s s  l i k e l y  t o  be met i n  t h i s  core configurat ion 
than i n  previous ones. 
Drum No. 4 is then turned i n  by an amount t h a t  
Drum No. 4 i s  then moved i n  and t h e  process i s  repeated 
The 
This procedure assumes no i n t e r a c t i o n  between drums , 
C .  Measurement of t h e  All-Drums-In Excess Reac t iv i ty  
The measurement of t h e  all-drums-in excess r e a c t i v i t y  was  
accomplished i n  most cases by noting t h e  pos i t i on  of one or more drums 
when iiie r eac to r  i s  j u s t  c r i t i c a l  and nas remained t h e r e  s e v e r a l  minutes. 
The previously e s t ab l i shed  drum worth curve was  then used to de- 
termine t h e  excess r e a c t i v i t y  t h a t  would be obtained i f  t h e  drum or 
drums were turned t o  t h e  fu l l - in  pos i t ion .  
excess r e a c t i v i t y  i s  s u f f i c i e n t l y  small, t h e  all-drums-in excess re- 
a c t i v i t y  w a s  determined d i r e c t l y  t.o a c t u a l l y  d r iv ing  a l l  drums f u l l -  
i n  and analyzing t h e  power r i s e  by t h e  inverse  k i n e t i c s  
I n  some cases ,  where t h e  t o t a l  
technique. 
D. Measurement of C r i t i c a l  Mass 
The value f o r  t h e  c r i t i c a l  mass of t h e  var ious core compositions 
were based upon t h e  all-drums-in excess r e a c t i v i t y  value and upon t h e  
core-averaged worth of f u e l  i n  t h e  d r i v e r  region only,  
quant i ty  w a s  determined by not ing  t h e  change i n  t h e  all-drums-in excess 
r e a c t i v i t y  t h a t  occurred upon removal of uranium f u e l  from t h e  d r ive r  
zone i n  a uniform manner. 
The l a t t e r  
E. Measurement of  Power Dis t r ibu t ion  
The power d i s t r i b u t i o n  i n  TFE No. 1 w a s  measured by i r r a d i a t i n g  
t h e  f o i l  and punching out rectangles 0.254 cm (0.10 i n . )  wide by 1.27 em 
(0.501 i n .  ) wide at t h e  appropriate p laces .  The rec tangles  were weighed 
t o  an accuracy of t0.l mg. 
The rec tangles  were counted i n  s e v e r a l  gamma channels beginning a 
f e w  hours after r eac to r  shutdown. Standard N a I  s c i n t i l l a t i o n  de tec to r s  
were used, with t h e  ampl i f ie rs  set  f o r  i n t e g r a l  counting of gamma rays 
above 0.5 MeV. One of t hese  channels w a s  employed t o  determine t h e  decay 
"constant" f o r  t h e  rec tangles .  A least-squares f i t  of t h e  data f o r  t h i s  
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curve was used for decay correct ion.  A l l  channels were cont ro l led  by 
t h e  same time base and dual  prese t  counter. Fifteen-minute counting 
i n t e r v a l s  were used, but some wire segments were counted more than once. 
The channels were normalized t o  one another by counting a group of 
s eve ra l  rectangles  i n  a l l  channels and comparing t h e  r e s u l t i n g  decay- 
corrected counts * 
A computer code w a s  used t o  correct t h e  d a t a  f o r  decay, background, 
mass normalization and counter normalization. The r e s u l t i n g  r e l a t i v e  
a c t i v i t i e s ,  which are d i r e c t l y  proport ional  t o  power, were p lo t t ed  as 
a function of r a d i a l  and angular pos i t ion  i n  the  TFE. 
counting s t a t i s t i c s  only vary f rom1/2  t o  1-1/2 percent .  
terminat ion introduced an e r r o r  of approximately 20.2 percent .  
The e r r o r s  due t o  
The mass de- 
F. Units of Measure 
A l l  of t h e  r eac to r  component were designed, b u i l t ,  and checked t o  
phys ica l  dimensions i n  inches.  Consequently, t h e  I n t e r n a t i o n a l  System 
of Units used here  f o r  t h e  u n i t  of length  i s  der ived from t h e  l a t t e r  
da ta .  The masses quoted herein fo r  fue l  and o the r  r eac to r  materials were, 
however, measured d i r e c t l y  i n  grams. All other  phys ica l  u n i t s  of measure- 
m e n t ,  unless otherwise noted i n  the t e x t ,  were based d i r e c t l y  upon the  
u n i t s  quoted. 
I V .  EXPERIMENTAL RESULTS 
A.  Excess Reac t iv i ty  
With 4.370 and 24.209 kg of urmium already i n  t h e  TFE and buf fer  
regions,  respec t ive ly ,  t h e  i n i t i a l  f u e l  loading i n  each of t h e  120 
d r i v e r  elements consis ted of seven ( 7 )  uranium rods each 0.432 cm 
(0.170 i n . )  i n  diameter by 37.51 cm (14.767 i n . )  long and weighing 
102.42 gms. 
t h e  r e a c t o r  would be s u b s t a n t i a l l y  s u b c r i t i c a l .  The loading i n  each 
element w a s  t he re fo re  increased i n  a step-wise fashion u n t i i  e igh t  (8 )  
uranium rods and s i x  ( 6 )  uranium wires (each 0.153 cm (0.060 i n . )  by 
37.47 em (14.75 i n . )  long)  were i n s t a l l e d .  
reached a t o t a l  of 136.106 kg,  of uranium had been loaded, a value which 
includes all regions of t h e  reactor .  
I n  t h e  1 / M  approach-to-crit ical  Figure 1 4  it w a s  found t h a t  
By t h e  t i m e  c r i t i c a l i t y  w a s  
v.,. 1, _I - - > 2 - -  p -n r?  rnrr - 1  
w i b i i  5 i-ii-&iimfi iii&ay LuauAiLE Au I . / L  1 , L-r .  2 ~ 9  G , ~ C I  li. 37 :i, $L- 
r e spec t ive ly ,  t h e  d r i v e r ,  b u f f e r  and TFE regions (136.106 kg t o t a l )  an 
excess r e a c t i v i t y  of 36.2# was determined by two per iod  measurement. 
i n i t i a l  c r i t i c a l  pos i t i on  f o r  drum No. 6 w a s  31'35' with drums 4 and 5 
f u l l - i n .  A per iod of 39.7 see  (corresponding t o  18.8 4 )  w a s  observed 
when drum 6 w a s  driven from 31'35' t o  21'0 ' . 
The 
Drum No. 4 w a s  then driven 
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c 
out t o  maintain l e v e l  power. 
whereupon a 44.2 sec  per iod (corresponding t o  17 .4  I )  w a s  observed. 
an all-drums-in excess r e a c t i v i t y  of  36.2 6 w a s  determined f o r  t h e  uni- 
formly loaded d r lve r  region and with no t e f l o n  i n  t h e  buffer region. 
Subsequently, drum No. 6 was driven f u l l - i n ,  
Thus 
A t o t a l  of 9.104 kg of t e f l o n ,  i n  t h e  form of 0.152 cm (0.060 i n . )  
t h i c k  s t r i p s ,  was added t o  t h e  bu f fe r  region of t h e  core i n  t h e  loca- 
t i o n s  shown I n  Figure 15 .  This mater ia l  increased t h e  excess r e a c t i v i t y  
t o  79.3 Q! as determined by two similar per iod measurements and t h e  pre- 
vious da ta .  The r eac to r  w a s  c r i t i c a l  with drum 6 at 49'55' and drums 4 
and 5 f u l l - i n ,  A period of 40.5 sec (18.5 6 )  w a s  observed when drum No. 6 
w a s  posi t ioned at  43', and a period o f  25.0 sec  (24.6 6) w a s  observed 
with drum No. 6 at  31'35 and drum No. 4 banked out .  These d a t a  poin ts  , 
when added t o  t h e  previous information, i n a c a t e  a t o t a l  excess of 79.3 6 
(all-drums-in-excess ) a The t e f l o n  i s  the re fo re  worth approximately 43.1 6 
Tn order  t o  determine a c r i t i c a l  mass value,  one uranium w i r e  
(0.152 cm diameter) w a s  removed f r o m  every o ther  f u e l  element i n  t h e  
driver region only. This removal process r e su l t ed  i n  a reduction of 
0.76586 kg i n  uranlum mass. With the  t e f l o n  s t i l l  i n  p lace ,  two per iod 
measurements were  again made. 
and drum No. 6 was driven from a c r i t i c a l  pos i t i on  of 28O20' t o  a posi-  
t i o n  of 13'. A per iod of 32.0 see  w a s  observed and corresponds t o  an 
increase  i n  r e a c t i v i t y  of 21.3 6. D r u m  No. 4 w a s  subsequently banked 
out t o  b r ing  t h e  excess r e a c t i v i t y  t o  zero, whereupon drum No. 6 w a s  
dr iven f u l l - i n .  
of 7.5 g! was observed. Thus, t h e  all-drums-in excess r e a c t i v i t y  w a s  
determined t o  be 28.8 6 a decrease of 50.5 6 re la t . ive  t o  t h e  previous 
value.  An excess r e a c t i v i t y  
of  79.3 g! would correspond, consequently, t o  1.2028 kg and c r i t i c a l  mass 
of 134.903 kg with t e f l o n  s t r i p s  i n  p lace .  
i s  der ived for t h e  case without the t e f l o n  s t r i p s ,  
I n  the  f i r s t ,  drums 4 and 5 were f u l l  i n ,  
A 137 sec  per iod  corresponding t o  a r e a c t i v i t y  change 
The worth of fue l  i s  therefore  65.94 k/kg. 
A c r i t i c a l  m a s s  of 135.558 kg 
C. Drum Worth 
The r e a c t i v i t y  worth of drum No. 6 w a s  measured from f u l l - i n  t o  
fu l l -out  by t h e  inverse  k i n e t i c s  method and t h e  r e s u l t s  are shown i n  
Figure 16. 
D.  Power Dis t r ibu t ion  
(1) F o i l  Counting 
me power distribi&.ion i n  a U235 c o i l  f o i l  i n  TFE Mockup No, 1 
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. 
( see  Figure 15) w a s  determined as a funct ion of radial pos i t i on  along 
twelve (12)  angular pos i t i ons  at the  c o i l  midplane. The r e s u l t s  are 
shown graphica l ly  i n  Figures 17, 18, 19 ,  and 20 and are t abu la t ed  i n  
t a b l e  V I I .  Tn each of t hese  f igu res ,  t h e  r e l a t i v e  a c t i v i t y  i s  p l o t t e d  
along a spec i f i ed  angular pos i t i on  as i nd ica t ed  i n  Figure 15 ,  which i s  
a t o p  view of t h e  core. The r i n g  number r e f e r s  t o  t h e  number of t u rns  
i n  t h e  c o i l ,  r i ng  number one represent ing t h e  first t u r n  on t h e  outs ide 
of t h e  c o i l ,  r i n g  number two t h e  second t u r n ,  e t c .  There a re  43 r i n g s ,  
t h e  r ings  belng numbered sequentually as one proceeds inward along t h e  
0' l i n e s .  
tween 120' and 150'. 
present ing t h e  U235 c o i l  i n  TFE No. 1). 
t h e  f o i l  l ies  between 0' and 330'. 
On the  ou te r  t u r n ,  t h e  end of t h e  f o i l  l ies  a t  a po in t  be- 
(See Figure 1 5 ,  which shows a dashed l i n e  re -  
On t h e  inner  t u r n ,  t h e  end of 
I n  order t o  determine t h e  a x i a l  d i s t r i b u t i o n  of t h e  power i n  t h e  
c o i l ,  f o i l s  were punched from pos i t ions  above and below t h e  midplane 
at t h e  0 ,  180, 240, 270, and 330' angular pos i t i ons .  
t he  r e s u l t s  of t hese  measurements. It i s  noted t h a t  t h e  a x i a l  power 
d i s t r i b u t i o n  i s  r e l a t i v e l y  f l a t ,  
Table V I I I  shows 
The twelve f o i l s  on t h e  inne r  t u rn  and t h e  twelve f o i l s  on t h e  
ou te r  t u r n  were counted with one s ide  toward t h e  NaI de tec to r  and then 
with t h e  o the r  s i d e  toward t h e  de tec tor  i n  order  t o  determine whether 
or  not  t h e r e  w a s  a s i g n i f i c a n t  var ia t ion  across  t h e  f o i l  i t s e l f .  These 
r e s u l t s  a r e  given i n  t a b l e  I X  and show t h e  comparison of a c t i v i t i e s  on 
t h e  i n n e r  and outer  faces .  
of t h e  c o i l  fac ing  t h e  c y l i n d r i c a l  t e f l o n  rod i n s i d e  t h e  c o i l .  Except 
where noted otherwise,  a l l  f o i l s  were counted with t h e  inner  face t o -  
ward t h e  de tec tor .  
The term "inner face" r e f e r s  t o  t h a t  por t ion  
Figure 2 1  i s  a p lo t  of t h e  r e l a t i v e  a c t i v i t y  of t h e  c o i l  as a 
funct ion of angular nos i t i on  f o r  t he  ou te r ,  i n n e r ,  and t e n t h  t u r n s .  
For purposes of dimensional co r re l a t ions ,  t h e  in s ide  diameter of  
t h e  tungsten cup i n  which the  c o i l  was placed was measured t o  be 2.52 cm 
(0.993 i n .  ) and t h e  thickness  of the  U-235 f o i l  averages 0.0076 cm 
(0.0030 i n .  ). 
( 2 )  Film Exposure 
Af'ter a l l  of t h e  rectangles  were punched from t h e  f o i l ,  t h e  f o i l  
'was placed an Type M x-rqy- f i h .  
i n  a rough way with t h e  f o i l  da ta .  i n  genera l ,  t n e  same mends were 
observed, although t h e  method does not have t h e  r e so lu t ion  inherent  i n  
f o i l  counting. The f l a t n e s s  of t h e  a x i a l  power d i s t r i b u t i o n  was ve r i -  
f i ed  by densitemeter measurements. 
The film la ter  developed acd coinpared 
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E. Fuel Element Subs t i t u t ion  
In order  t o  determine t h e  e f f e c t  t h a t  t h e  d r i v e r  region composition 
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3 has on t h e  power d i s t r i b u t i o n s  i n  the  TFE, eleven of t h e  Ta-Li N f u e l  
elements used on t h e  previous program were s u b s t i t u t e d  fcr eleven a h -  
minum type  f u e l  elements i n  t h e  d r ive r  region.  No r e a c t i v i t y  change w a s  
de t ec t ab le  on t h e  bas i s  of drum pos i t ion .  
V.  DISCUSSION OF RESULTS 
A. Experimental 
No systematic  a n a l y t i c a l  r e s u l t s  t h a t  could be used t o  evaluate  
t h e  s p e c i f i c  degree of accuracy of t h e  experimental  values  were ava i l ab le  
Rough es t imates  t h a t  were c a r r i e d  out t o  guide t h e  approach t o  c r i t i c a l  
i nd ica t e& a c r i t i c a l  m a s s  of the order of 129 kg, a vaiue i n  reasonably 
good agreement with t h e  experiment. The l e s s  p rec i se  da t a  obtained from 
the  inve r se  mul t ip l i ca t ion  measurements a l s o  tend  t o  corroborate  t h e  
measured c r i t i c a l  mass of 135.55 kg t h a t  appl ies  t o  t h e  case i n  which 
no t e f l o n  i s  present  i n  t h e  core .  
With re ference  t o  t h e  r e a c t i v i t y  worth of drum No. 6 ,  t h e r e  i s  
exce l l en t  agreement from f u e l  f u l l - i n  t o  about 50 degrees of a r c  be- 
tween t h e  per iod  measurements made t o  determine t h e  small  excess re- 
a c t i v i t y  states and t h e  inverse k i n e t i c s  da t a .  This agreement lends 
confidence i n  t h e  accuracy of t h e  drum worth d a t a ,  a t  l e a s t  near  t h e  
fue l - fu l l - in  pos i t i on  
The power d i s t r i b u t i o n  information appears t o  be reasonably good, 
'l'he f a c t  t h a t  t h e  peak power occurs at t h e  330" azimuthal pos i t i on  r a t h e r  
than  at the  0' pos i t i on  i s ,  perhaps, t o  be expected i n  view of t he  f a c t  
t h a t  t h e  cen te r  Be0 r e f l e c t o r  is i n  d i r e c t  contac t  with TFE No. 1 and 
con t r ibu te s  t o  t h e  slowing down of fast  neutrons. The uncer ta in ty  i n  
t h e  r e l a t i v e  power da t a  i s  estimated a t  f1.2 percent .  
m d e  up of t h e  fc l lcwing  p a r t s :  (1) k0.75 percent  uncer ta in ty  as a 
r e s u l t  of counting s t a t i s t i c s  , inc luding  unce r t a in t i e s  i n  monitor and 
background counts ,  ( 2 )  k O . 1  percent unce r t a in ty  i n  f o i l  m a s s  va lues ,  
(3) 50.75 percent  uncer ta in ty  as  a r e s u l t  of es t imated e r r o r s  i n  t h e  
c i rcumferent ia l  l oca t ion  of f o i l s  punched from t h e  ful ly-enriched 
uranium c o i l  and ( 4 )  f0 .2  percent uncer ta in ty  i n  decay co r rec t ions ,  
This value i s  
The small-scale replacement experiment i n  which eleven alumhum- 
type  d r i v e r  f u e l  elements were replaced by eleven Ta-Li 7 N-type f u e l  
3 
eleolents provides same ind ica t ion  , '02% does not  p r w e  conclusfveljr , 
' t h a t  t h e  power d i s t r i b u t i o n  da ta  are r e l a t i v e l y  independent of t h e  make- 
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up of t h e  d r i v e r  region. This r e s u l t  i s  an important f a c t o r  i n  assess-  
i n g  t h e  v a l i d i t y  of t h e  conclusion drawn from t h e  power d i s t r i b u t i o n  
i n  f ormat ion .  
V.  DISCUSSION OF RESULTS 
B. Analyt ical  
The r e l a t i v e  f o i l  a c t i v i t y  around and d iamet r ica l ly  through t h e  
mockup thermionic f u e l  element c o i l  which s imulate  t h e  thermionic f u e l  
element s t age  at t h e  midplane of t he  core and adjacent  t o  t h e  Be0 re- 
f l e c t o r  i s  shown on t a b l e  V I I .  The a c t ' v i t y  was in t eg ra t ed  along each 
summed over all r a d i i  and t h e  average a c t i v i t y  throughout t h e  c o i l  found. 
The r a t i o  of t h e  a c t i v i t y  at  each loca t ion  t o  t h e  average a c t i v i t y  i s  
t h e  value of t h e  l o c a l  t o  average power at t h a t  l oca t ion ,  and t h e  l a r g e s t  
value i s  t h e  peak t o  average power f o r  t h e  f u e l  s t age .  Figure 22 shows 
t h e  azimuthal l o c a l  t o  average power d i s t r i b u t i o n  i n  t h e  mockup f u e l  
s t age  i n  t h e  outermost 0.0076 cm (0.003 i n . )  l a y e r  of U-235 f o i l .  
peak t o  average power for t h i s  f u e l  s t a g e  i s  1.99 and occurs at t h e  
330' d i r e c t i o n .  
rad ius  using t h e  Simpson One-Third Rule t . These r e s u l t s  were then  
The 
V I .  CONCLUSION 
The power d i s t r i b u t i o n  d a t a  measured from t h i s  s e r i e s  i n d i c a t e  a 
peak t o  average power r a t i o  of two f o r  a mockup thermionic f u e l  s t age  
loca ted  at t h e  midplane of t h e  core and adjacent t o  t h e  Be0 r e f l e c t o r .  
Since t h i s  s t age  i s  probably located at t h e  core r e f l e c t o r  i n t e r f a c e  
having t h e  l a r g e s t  f l u x  gradien t  and s ince  a very good s imulat ion of 
t h e  core- re f lec tor  i n t e r f a c e  and the  thermionic f u e l  element s t age  w a s  
achieved i n  t h e  experiment, it i s  bel ieved t h a t  a power peaking r a t i o  
of t h i s  magnitude e x i s t s  i n  t h e  reference thermionic r e f l e c t o r  region 
Therefore considerat ion of  a f u e l  s tage  peaking f a c t o r  o f  two and i t s  
e f f e c t s  on f u e l  s t age  performance should be s tud ied  i n  design calcu- 
l a t i o n s .  Alt.hough the  scope of this program was l imi t ed ,  s tudfes  of 
t h e  e f f e c t  of t h e  0.241 cm (0.095 i n . )  t h i c k  Nb-l% Z r  shee t  adjacent  
t o  t h e  Be0 r e f l e c t o r  on t h e  power peaking f a c t o r  would be important t o  
f u l l y  understand t h e  power d i s t r i b u t i o n  i n  t h e  mixed s p e c t r a  core- 
r e f l e c t o r  i n t e r f a c e  region.  
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APPENDIX A 
CHEMICAL IMPURITIES I N  CORE MATERIALS 
Except as noted previously i n  t h i s  document, t h e  same mater ia l s  
and components were used on t h i s  program as were used on t h e  previous 
programs. The pedegrees on a l l  or most of t hese  p a r t s  have thus  been 
provided i n  references 1 and 2.  
t o  t h e  chemical composition and pu r i ty  of t h e  mater ia l s  used or f ab r i -  
cated on t h i s  program. 
by NASA as a p a r t  of  t h e  Contract ,  consequently no information as t o  
chemical pu r i ty  w a s  obtained. 
The following i n f o m a t i o n  pe r t a ins  
A l l  N b - l Z r ,  Be0 and W materials were suppl ied 





Driver region f u e l  elements 6063-T5 
Grid p la tes  6061-~6  
o.iw cm (u.040 i n . )  t h i c k  505LH3Y 
sk in  on scrammable, cen ter  
and s ide  r e f l e c t o r  can i s t e r s  
A l l  o ther  s t r u c t u r a l  material 6 0 6 ~ ~ 6  or 
i n  scrammable, cen ter  and 2024-TY 
s i d e  r e f l e c t o r  can i s t e r s  
The 0.0076 cm (0.003 i n . )  t h i ck  ful ly-enriched f o i l  used t o  sfmu- 
la te  t h e  UC f u e l  i n  a TFE w a s  analyzed f o r  chemical and i s o t o p i c  content.  
The following r e s u l t s  were obtained from four  samples. 
Chemical Pu r i ty  (ppm) 
Sampie 
No. 0 - N - 
1 259 1693 
2 183 953 
3 433 1871 






- H - C impur i t ies  impuri t ies  
10 260 598 2820 
9 310 525 1980 
13 36 0 5 56 32 39 
12  200 5 90 2409 
  so topic P u r i t y  ( % >  
U-234 U-2 35 




U-2 36 U-238 
0.260 5 401 
0.260 5 (I 415 
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COMPARISON OF THE VOLUME FRACTIONS OF THE C R I T I C A L  EXPERIMENT 
WITH THERMIONIC FEACTOR DESIGN VALUES 
Volume Frac t ions  $J 
C r i t i c a l  assembly GGA 
Core TFE FXGION des ign 
bu f fe r  region+ (above and (May 2, 1972) 
below t e s t  s tage)  
W 
Nb - Z r  
Al 
Ta 

















*As many Teflon s t r i p s  as can be accomodated were added t o  the  
i n t e r s t i c e s  between the  bu f fe r  region f u e l  elements. 
+Average composition of a lphabet ica l ly  designated f u e l  elements 
( f i g u r e  2). 
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TA IEE I 1.l: 
BUFFER REGION LOADING SCHEMZ 
Ele- No. of O.D. of I .D. of Length of 
ment Ele - Element Element Element 
Type ments (cm) (in.) (cm) (in.) (cm) (in. ) Material 
A 11 1.91 0.750 1.55 0.610 59.94 23.597 Nb-1Zr 
AA 5 1 - 9 1  0.750 1.55 0.610 59.30 23.347 Nb-1Zr 
B* 15 1.91 0.750 1.59 0.625 59.94 23.597 Nb-1Zr 
C 8 2.22 0.875 1.74 0.685 59.94 23.597 Nb-1Zr 
S 12 2.16 0.850 1.57 0.620 59.94 23.597 A1 
:F Type B elements actually consist of two tubes, one inside the other. 
The outer tube is 1.91 cm (0.750 in.) 0. D. x 1.73 cm (0.680 in.) 
I.D. x 59.94 cm (23.597 in.) long, and the inner tube is 1.69 cm 
(0.665 in.) 0. D. x 1.59 cm (0.625 in.) I. D. x 58.10 cm (22.875 in.) 
long. 
NOTE -
A l l  five types of elements each contain the following: 
1) Four fully enriched uranium rods each 0.432 cm (0.170 in.) 
in diameter x 37.49 cm (14.76 in.) long 
Five fully enriched uranium wires each 0.152 cm (0.060 in.) 
in diameter x 37.47 cm (14.75 in.) long 
Three tungsten rods each 0.457 cm (0.180 in.) in diameter 
x 37.47 cm (14.75 in. ) long 
2) 
3) 
Seven of every twelve elements contain one tantalum wire 0.279 cm 
(0. 110 in.)  in diameter x 37.37 cm (14. 75 in.) long. 
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TABLE IV 
MASSES OF SOME OF THE CORE CONSTITUENTS I N  THE THERMIONICS 
CRITICAL 
Component No. of Components Material Mass ( p a )  
Type A Fuel Elements 
(Buffer Region) 
Type AA Fuel Elements 
(Buffer Region) 
Type B Fuel Elements 
(Buffer Region) 














Nb- 1 Z r  
Mo 









































2, 730. 12 
4,294.8 
5,696. 16 
I, 43 1. 00 
27,301.20 
42,948.0 






'~'AliliLE LV (cont'd) 
Component No. of Components Material M a s s  ( g m s )  
- 




t No fuel loading i s  listed since it was varied to achieve criticality. 
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TABLE V 
SUMMARY OF CORE MASSES (All Regions) 
Nb-1Zr 
M o  
Ta (TFE and Buffer)* 
A1 
W 











* A total of 29 Ta wires  was distributed among the buffer region elements. 
Total mass of Ta in buffer region = 1, 119.69 p s .  
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'YABLX VI 
MASSES OF B e 0  REFLECTOR MATERIALS 
- 
Component No. of Component Material M a s s  (kg) 
Sc ram mable Re  fle c to  r 
Segment No. 13' 
Scrammable  Ref lector  
Segment No. 24< 
Center Ref lector  
Side Ref l ec tor  
Auxi l iary  Grid Plates 
1 
1 
A l  
B e  0 
Nb-1Zr 
A l  
B e 0  
Nb-1Zr 
A l  
B e 0  
A l  
B e 0  
A l  
8 . 4 2 6  
37. 168 
1 .936  
8 . 4 3 4  
37 .351  
1 .936  





'%See Figure 5 for segment locations 
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TABLE VI11 
RELATIVE AXZAL POWER DISTRIBUTION (OUTER TURN) 
Angle In 
Degrees 
Relative Activity ( Inner  Face) 







P o s i t i o n  
( D e g r e e s )  
166,9 16 166,404 
- 89,730 
84,805 82,624 
117,014 11 5,829 
- 151,183 
181,329 1 80,54 2 
O u t e r  Turn 








COMPARISON OF RELATIVE ACTIVITY 
ON INNER AND OUTER FACE OF FOIL  




































1 7 7,642 
180,989 
I n n e r  T u r n  
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Figure 1 7 .  TFE Power Dis t r ibu t ion  a t  0 ,  60, and 120' 
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Figure 20.  TFE Power Distribution at 210, 270, and 300° 
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